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Abstract: The addition of methylammonium chloride (MACl) significantly improves the performance
and stability of perovskite fabricated by two-step processes. However, its role in crystallization
dynamics has not been thoroughly studied. In this work, a comparison study is carried out using
different additions of MACl to investigate the impact of the perovskite crystallization dynamics. In
situ grazing incidence wide-angle X-ray scattering (GIWAXS) observations during the annealing
process of perovskite revealed that the amount of MACl significantly influences the crystallinity
and orientation of the perovskite. Increasing the MACl addition enhances the crystallinity of the
perovskite in the wet film‘s intermediate phase and strengthens the out-of-plane orientation of the
FAPbI3 perovskite α-phase (001) planes during annealing. Moreover, it was found that both excessive
and insufficient amounts of MACl introduce defects into the perovskite, which are detrimental to
device performance. In contrast, an optimal ratio of MACl-9 mg leads to the formation of uniform
and large-grained FAPbI3 perovskite films, with the longest carrier lifetimes (163.7 ns) compared to
MACl-5 mg (68.4 ns) and MACl- 13 mg (120.1 ns). As a result, the fabricated MACl-9 mg-based solar
cell achieved the highest efficiency (22.63%), which is higher than those of MACl-5 mg (21.47%) and
MACl-13 mg (20.07%).

Keywords: perovskite solar cells; two-step preparation; GIWAXS; crystallization kinetics

1. Introduction

In the rapidly evolving field of optoelectronics, halide perovskite materials have
emerged as an ideal choice for the fabrication of low-cost, high-performance photovoltaic
devices due to their unique optoelectronic properties. These include low formation energy,
a tunable band structure and bandgap width, a high light absorption coefficient, and
a long carrier diffusion length [1–3]. The development trajectory of these materials is
emblematically reflected in the explosive growth of power conversion efficiency (PCE),
which has seen a breakthrough, increasing to over 26% within just a decade [4–8], nearing
the current conversion efficiency of crystalline silicon cells, marking them as representatives
of the next-generation photovoltaic materials. They demonstrate immense potential in
fields such as photovoltaic cells and optoelectronic devices.

Perovskite absorber layers can be fabricated through various methods, including one-
step spin-coating, two-step spin-coating, blade coating, and vapor deposition techniques.
Among these, the two-step spin-coating method, pioneered by Grätzel et al. in 2013,
which achieved the highest certified perovskite solar cell (PSC) efficiency of 14.1% in
that year [9], has been widely adopted for the fabrication of perovskite films due to its
simplicity, good reproducibility, and high film quality. To date, the two-step method has
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consistently achieved the highest PCE certifications reported by the National Renewable
Energy Laboratory (NREL) chart, with the current PCE reaching 26.0% [6,8,10,11]. This
method involves depositing a lead halide precursor layer first, followed by its conversion
into perovskite through immersion or spin-coating with an organic halide amine salt
solution. However, it also faces challenges like the formation of intermediate phases and
incomplete precursor conversion, which can lead to film unevenness and degrade the
crystal quality of perovskite films.

In this context, MACl is a common additive in solution-processed perovskites, acting
as a Lewis acid coordinating with lead ions and promoting the conversion of the inter-
mediate phase. It not only participates in the perovskite structure as an internal ion but
also influences the crystallization kinetics of perovskite crystals, fostering the formation
of higher-quality films, and thereby enhancing device performance and stability. The
addition of MACl has been proven to effectively regulate and optimize the crystallization
of perovskites in the two-step method, particularly for FAPbI3 perovskites. They have an
ideal optical bandgap and are stable in a yellow non-perovskite hexagonal phase (δ-phase)
at room temperature. Their phase transition to the black cubic perovskite phase (α-phase)
occurs at approximately 150 ◦C [12]; MACl can specifically optimize its crystallization
pathway. The dual nature of MACl, with MA+ ions aiding perovskite crystallization and
Cl− ions being volatile, allows MA-based additives to rapidly induce the formation of
MA-rich nuclei for pure α-phase FAPbI3, lowering the formation energy of the FAPbI3 α-
phase and, thus, reducing the phase transition temperature to near-room temperature [13].
Consequently, this suppresses the δ-phase and enhances the α-phase of FAPbI3. However,
the introduction of MA affects the chemical compositional purity of FAPbI3, as the incorpo-
ration of MAI and MABr leads to their stabilization within the perovskite lattice, resulting
in an increased bandgap and deviation from the Shockley–Queisser limit, thereby reducing
the corresponding solar cell device’s PCE. Meanwhile, compounds of Cl with amines typi-
cally exhibit lower volatilization temperatures. Therefore, the volatile nature of MACl plays
a unique role in promoting perovskite crystallization during the annealing process [14],
optimizing crystallinity, suppressing defects and impurities, and ensuring the phase purity
of α-phase FAPbI3. Additionally, the volatilization of MACl during annealing leads to
lattice restructuring, resulting in secondary crystallization of the perovskite film [15], which
increases grain size, reduces surface roughness [16–18], and improves carrier transport [19].
The addition of MACl has also been shown to induce the reorientation of grains. For
example, depositing MACl on top of MAPbI3 results in a change in the orientation of cubic
phase MAPbI3 toward the (100) direction during annealing, ultimately converting to a
tetragonal perovskite phase with (110) plane orientation, thereby improving PSC perfor-
mance [15]. Moreover, MACl can slow down the perovskite crystal formation process,
allowing strain release during grain growth [18,20]. On the other hand, the addition of
MACl can lead to non-stoichiometry in the perovskite film, resulting in the formation
of halogen vacancy defects due to the asynchronous volatilization of methylammonium
cations and chloride ions [21]. Therefore, controlling the amount of MACl added is crucial
to the current high-performance two-step method process. The crystallization kinetics and
thermodynamics of MACl’s role in perovskites remain unclear, and research on the crystal
structure dynamics under different concentration additions is still lacking.

Herein, we systematically studied the impact of MACl addition on FAPbI3 perovskite
films prepared via the two-step method. Based on the commonly used amounts of MACl,
we divided the MACl concentration into three groups: 5 mg, 9 mg, and 13 mg, added
to 1 mL of IPA solution. GIWAXS is particularly suitable for in situ observation of the
crystallization process of perovskite films during spin-coating and annealing [22–27]. The
MACl addition significantly affects the crystallinity and orientation of perovskites. In-
creasing the amount of MACl added enhances the crystallinity of the perovskite in both
intermediate-phase wet films and fabricated perovskite films. Additionally, we found that
increasing the concentration of MACl enhances the (001) orientation of the perovskite. Fur-
thermore, the MACl-9 mg addition enhances large-grained and uniform FAPbI3 perovskite
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films. Meanwhile, the film with the MACl-9 mg addition has the highest PL intensity and
longest carrier lifetime. As a result, the MACl-9 mg-based solar cell device achieves the
highest efficiency of 22.63%, which is higher than those of MACl-5 mg (21.47%)- based and
MACl-13 mg (20.07%)-based solar cell devices.

2. Materials and Experimental
2.1. Materials

Lead iodide was purchased from TCI (Tokyo Chemical Industry, Tokyo, Japan). Ce-
sium iodide (CsI), formamidinium iodide (FAI), methylammonium chloride (MACl), and
2,2′,7,7′-tetrakis(N,N-di-p-methoxy-phenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD)
were purchased from Xi’an Yuri Solar Co. Ltd. (Xi’an, China) 4-tert-butylpyridine (tBP),
bis (trifluoromethylsulfonyl)-imide lithium salt (Li-TFSI), chlorobenzene (CB), acetonitrile
(ACN), N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO), and isopropyl alcohol
(IPA) were purchased from Sigma-Aldrich. Indium tin oxide (ITO) glass was purchased
from Advanced Election Technology CO. Ltd (Shenzhen, China).

2.2. Device Fabrication

A total of 30 µL of SnO2 precursor solution was drop-casted onto an ITO glass substrate,
followed by spin-coating at 3000 rpm with an acceleration of 3000 rpm/s for 30 s. The
substrate was then heated at 150 ◦C for 30 min to form the SnO2 transport layer. Prior
to depositing the perovskite active layer, the ITO substrates with SnO2 were treated in a
UV ozone cleaner for 15 min. Then, 35 µL of PbI2 solution (691.5 mg PbI2 and 19.5 mg
CsI in the mixed solvent of 900 µL DMF and 100 µL DMSO) was spin-coated onto the
SnO2 layer surface, followed by spin-coating at 2000 rpm for 30 s to form a PbI2 precursor
film. The resultant film was then heated at 70 ◦C for 1 min. Afterward, 70 µL of organic
solution (90 mg FAI and 5–13 mg MACl in 1 mL IPA) was spin-coated at 2300 rpm for
30 s to form an intermediate phase film of perovskite. Finally, the film was thermally
annealed in an environment with relative humidity of 30–50% at 150 ◦C for 15 min to obtain
perovskite films. Spiro-OMeTAD was used as the hole transport material in this study. A
35 µL solution of Spiro-OMeTAD in CB (adding 30 µL TBP and 17.5 µL Li-TFSI solution
(520 mg/mL in ACN)) was spin-coated at 3000 rpm for 30 s to form the hole transport layer.
A gold (Au) electrode approximately 100 nm thick was deposited on the hole transport
layer using vacuum thermal evaporation technology.

2.3. Device Characterization

Scanning electron microscopy (SEM) images were measured by a Sigma 300 (ZEISS,
Oberkochen, Germany). The photoluminescence spectrum and time-resolved photolu-
minescence (TRPL) were assessed using a FluoroMax+ of Horiba. The current–voltage
(J-V) curves of the PSC were measured by a Keithley 2400 source meter under AM 1.5 G
solar irradiation at 100 mW/cm2, with a mask defining a device area of 0.075 cm2. The
in situ GIWAXS measurements were conducted in the BL14B1 beamline of the Shanghai
Synchrotron Radiation Facility (SSRF) (Shanghai, China), and the testing X-ray wavelength
was 1.24 Å. The incident angle for each simple was 0.5◦. The exposure time for each image
was 5 s. All the perovskites were heated at 150 ◦C for in situ GIWAXS measurements.

3. Results

In the two-step fabrication process of perovskite thin films, the absence of MACl
results in inferior film quality, characterized by random orientation and poor crystallinity, a
higher proportion of non-perovskite yellow phases, and smaller grain sizes. Therefore, the
addition of MACl is essential as it plays a crucial role in assisting crystallization. Consid-
ering the typical concentrations of MACl used in the two-step method, we investigated
FAPbI3 perovskites by introducing three different concentrations of MACl: 5 mg, 9 mg,
and 13 mg (dissolved in 1 mL IPA solution). FA-based perovskites, which are currently
the leading A-site cations in high-efficiency perovskite formulations, have a large ionic



Crystals 2024, 14, 399 4 of 15

radius (approximately 253 pm) that results in a higher tolerance factor of the perovskite
structure, making them prone to phase transitions into a non-optically-active hexagonal
phase, also known as the yellow δ-phase, at room temperature. Therefore, we enhanced
the stability α-FAPbI3 phase by introducing CsI with a molar ratio of 0.05 with respect to
PbI2, to achieve a stable cubic lattice structure [24,28,29]. This study employed a commonly
used annealing temperature of 150 ◦C for the two-step method, which was instrumental
in achieving optimal conditions for the crystallization process, balancing between trans-
forming the perovskite to its optically active phase, minimizing crystal defects through the
effective evaporation of additives, and preventing decomposition of the material [12,17,30].
Environmental humidity significantly affects the properties of perovskites [31]. For the
two-step preparation process of perovskite films, appropriate humidity control aids in en-
hancing the diffusion of organic salts within the film, leading to a more uniform film [32,33].
We maintained the environmental humidity within the range of 30–50% RH.

Synchrotron-based GIWAXS serves as a powerful tool for exploring the crystallization
dynamics of perovskites, owing to its large photon flux, high signal sensitivity and signal-
to-noise ratio, as well as its spatial–temporal resolution. Utilizing GIWAXS, we conducted
in situ studies of the crystallization process of perovskites via a two-step method. The
annealing of two-step perovskite and the in situ GIWAXS measurement schematic are
illustrated in Figure 1. Perovskite films were prepared using an intermolecular exchange
strategy of the two-step method, where a layer of organic amine salt in the IPA solution
was spin-coated onto a lead iodide intermediate phase thin film inside a glove box, forming
a wet perovskite intermediate phase film. This sample was then transferred to a GIWAXS
experimental setup for annealing, where X-rays were applied and a 2D diffraction pattern
of the film was collected using a MarCCD 225 flat panel detector. An X-ray incidence angle
of 0.5◦, exceeding the perovskite’s total reflection angle (approximately 0.18◦) and allowing
penetration depths greater than 100 nm [7], enabled the acquisition of structural information
from the bulk of the film. The annealing process of samples with three different MACl
concentrations was analyzed at three time points: the beginning (0 s), early stage (60 s), and
mature stage (420 s) of annealing, as shown in Figure 2. For a more precise quantitative
analysis of the crystallinity and grain orientation of the perovskites, the 2D diffraction
patterns of the three samples at different time points were integrated using fit2d software
(V12.077), resulting in corresponding 1D diffraction spectra and the distribution spectra of
the intensity of the perovskite (001) planes, presented in Figure 3a–c and d–f, respectively.
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Figure 2. GIWAXS two-dimensional diagram during the annealing process of perovskite film, where
(a–c) is the addition of MACl 5 mg; (d–f) is the addition of MACl 9 mg; (g–i) refers to the perovskite
film with MACl 13 mg added, reflecting the crystal state of the perovskite film at 0 s, 60 s and 420 s.
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From Figure 2a–i, we observe that across all three MACl concentration levels, the film
samples throughout the annealing process exhibit typical perovskite α-phases, generating
annular diffraction peaks in q-space at 10 nm−1, 14.2 nm−1, 17.3 nm−1, and 20 nm−1.
Utilizing the formula d = 2π/q, the interplanar spacings, d, are calculated as 6.3 Å, 4.4 Å,
3.6 Å, and 3.1 Å, corresponding to the (001), (110), (111), and (002) planes of the FAPbI3
perovskite cubic lattice, respectively. Based on the GIWAXS 2D images for the sample with
a lower addition of 5 mg of MACl, Figure 2a reveals the presence of a visible diffraction ring
near q = 8.5 nm−1, corresponding to the δ-phase of FAPbI3. The calculated intensity of the
δ diffraction peak is 59.3, as seen in Figure 3a, which represents 56% of the intensity (105) of
the α-phase (001) peak. In contrast, samples with 9 mg and 13 mg MACl additions, as shown
in Figure 2d,g, exhibit no visible δ-phase. Figure 3b,c demonstrate an almost nonexistent
diffraction intensity for the δ-phase. At the onset of annealing, the samples had just
undergone a second organic salt spin-coating step on a lead iodide thin film, maintaining
a wet intermediate phase of the perovskite. Studies suggest that MACl participates in
the formation of the low-energy α-phase of the perovskite in the wet film state, thereby
inhibiting its transition to the δ-phase. Our research further indicates that the suppression
of the δ-phase by MACl is concentration-dependent, requiring a certain threshold amount
to completely inhibit the detrimental δ-phase. Compared to FAI, the addition of MACl
needs to be at least 5 mg to approach the threshold for complete conversion of the yellow
phase, likely related to the stoichiometric ratio of the intermediate phase formed between
MACl, FAI, and PbI2. After 60 s of annealing, even for the sample with the lowest MACl
concentration of 5 mg, the δ-phase disappears, indicating that at higher temperatures
(150 ◦C), FAPbI3 overcomes the transition energy barrier, transforming from the δ-phase
to the more structurally symmetrical α-phase. Thermodynamically, while all samples
almost exclusively exhibit pure α-phase perovskite at the 60 s annealing time point, the
kinetic pathway of film crystallization still affects the overall crystalline quality. The initial
transition from the δ-phase to the α-phase can induce defects due to the rapid structural
change from δ-FAPbI3 to α-FAPbI3, involving ionic movement between adjacent [PbI6]4−

octahedra [14], potentially leading to stacking faults during the transition [34]. In terms
of crystallinity, at the same annealing time points, an increasing trend in the intensity of
α-phase perovskite peaks is observed with higher MACl concentrations, highlighting the
most significant difference in crystallinity during the early stages of annealing.

Furthermore, in the 2D images corresponding to the late stage of annealing for the three
conditions, labeled in Figure 2c,f,i, diffraction signals of varying intensities are observed at
around q = 9 nm−1, associated with the (001) peak of lead iodide (PbI2). Notably, at the
annealing time of 420 s, the sample with 5 mg of MACl addition exhibits a pronounced PbI2
signal with a peak intensity of 14.6; for the samples with 9 mg and 13 mg of MACl addition,
the corresponding PbI2 diffraction peak intensities are reduced to 6.8 and 3.5, respectively.
This phenomenon indicates that—with increasing amounts of MACl added—the quantity
of lead iodide in the films correspondingly decreases. This trend is closely linked to the
role of MACl in the formation process of perovskites, where MACl acts as a facilitator for
perovskite formation. Due to its lower decomposition temperature, MACl volatilizes and
escapes from the perovskite lattice during the annealing process [16,35], yet remains to
some extent after the limited annealing time [36]. This retention can be attributed to the
increased crystallinity and more densely packed grains within the perovskite solid films
during the later stages of annealing, which hinders further diffusion of MACl within the
perovskite films. Increasing the addition of MACl leads to a greater residual amount of
MACl in the perovskite films after annealing, thereby reducing the quantity of lead iodide
formed from perovskite decomposition.

In orientation, the α-FAPbI3 (001) planes of all three samples predominantly exhibit
orientations at 36◦/144◦ at the start of annealing (as shown in Figure 2a,d,g). This specific
orientation originates from the unique fabrication process of the two-step method. In the
first stage of this method, a lead iodide intermediate phase is formed, with the layers of lead
iodide being occupied by dimethyl sulfoxide (DMSO) solvent molecules. In the subsequent
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step, organic amine salts are introduced and deposited on the lead iodide layers. This not
only replaces the interlayer DMSO molecules but also reacts rapidly with PbI2, directly
generating the perovskite structure on the existing lead iodide framework. Because this
intercalation reaction occurs directly on the original lead iodide framework, the perovskite
formed through the two-step method inherits the orientation of the [PbI6]4− octahedra
in the original lead iodide framework. This results in the α-phase FAPbI3 perovskite
displaying a specific (001) plane orientation at 36◦ [19,37–40], also referred to as the (111)
orientation (since the 36◦ angle of the (001) plane corresponds to the out-of-plane orientation
of the (111) plane [41]). At an annealing time of 60 s, only the sample with 13 mg of MACl
addition begins to exhibit a 90◦ orientation, and by the annealing time of 420 s, a clear 90◦

orientation is observed in samples under all conditions, with its intensity increasing with
the amount of MACl added. Specifically, the 90◦ orientation peak intensities for samples
with 5 mg, 9 mg, and 13 mg of MACl are 54.9, 97.5, and 183.8 (as seen in Figure 3d–f),
respectively, with their orientation intensity ratios being 1:1.8:3.3, closely matching their
MACl addition ratios of 1:1.8:2.6. This phenomenon indicates that the amount of MACl
added is the dominant factor affecting the formation of the perovskite (001) 90◦ orientation,
likely due to the secondary crystallization induced by the MACl addition, leading to
a change in grain orientation [17]. Furthermore, we find that the GIWAXS 2D images
corresponding to 420 s of annealing time for films under the three conditions (Figure 2c,f,i),
compared to the early annealing diffraction patterns (Figure 2a,d,g), show more discrete
and larger bright spots in the diffraction rings. Therefore, the integrated intensity variation
curves with azimuthal angles (the blue lines in Figure 3d,e,f) exhibit more fluctuations,
reflecting the growth of internal grains within the perovskite films as annealing progresses.

To observe the entire process of perovskite film annealing and crystallization, we
integrate all images, and the calculated one-dimensional diffraction spectra as a function
of annealing time were plotted in contour maps. The maps, shown in Figure 4a–c, use a
rainbow color spectrum to correspond to diffraction intensities. The color bar on the right
side of the figures indicates intensity values, with purple representing low intensity and
red high intensity. Consistent with the conclusions drawn from Figure 3a–c, all samples
exhibit considerable intensity of the α-phase FAPbI3 (001) peak from the beginning of
annealing, a distinctive feature from the one-step method due to the intercalation effect
inherent in the two-step process, which yields significant crystallinity immediately after
spin-coating [24,42,43]. The variation in peak intensity for the three samples diminishes
after 150 s, gradually stabilizing. To quantitatively study perovskite crystallization, we plot
the intensity of the FAPbI3 (001) peak value over time in a line graph, as shown in Figure 4d.
At the start of annealing, the perovskite (001) peak intensities for samples with 5 mg, 9 mg,
and 13 mg of MACl are 104.5, 122.5, and 132.9, respectively, with ratios of 1:1.17:1.27. By
420 s, the peak intensities for the three samples are 143.7, 156.1, and 165.2, with ratios
of 1:1.09:1.15, indicating the greatest disparity in crystallinity among the samples in the
early stages of annealing, and the 5 mg MACl addition exhibits the lowest crystallinity.
However, as the annealing time increases, the difference in crystallinity relative to the other
two groups gradually decreases, as MACl promotes the initial formation of perovskite in
the wet film‘s intermediate phase, and the reaction extent is positively correlated with the
amount of MACl added, whereas the later stage of the reaction is mainly dependent on
temperature. We observed the most significant change in perovskite crystallinity for the
sample with 5 mg of MACl between 25 s and 50 s (Figure 4d), a period during which the
δ-phase of FAPbI3 disappears, indicating high temperatures facilitate the transition from
the δ-phase to the α-phase. Then, at 75 s, its crystalline intensity reaches a stable phase.
For samples with 9 mg and 13 mg of MACl, not only does the peak value of perovskite
increase with the amount of MACl added, but the time to reach stable crystallization also
differs, arriving at stable crystallization points at 100 s and 125 s, respectively, possibly due
to greater degrees of secondary crystallization caused by the increased amount of MACl.
However, the crystalline intensity of the sample with 13 mg of MACl decreases after 300 s,
potentially due to excessive MACl participating in crystallization and then volatilizing in
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large amounts during annealing, leading to a reduction in perovskite crystallinity [17]. The
positions of the α-phase (001) peaks for the three samples are also statistically analyzed, as
shown in Figure 4e, where three processes in the peak position change during annealing for
samples with 5 mg, 9 mg, and 13 mg of MACl: initially growing within 0–75 s, reaching the
highest peak position at 75 s, then rapidly decreasing between 75 s and 125 s, and gradually
stabilizing after 150 s, nearing the standard peak position of 10 nm−1 for α-phase FAPbI3.
The peak position changes are attributed to the following: the initial phase where solvents
like DMSO, DMF, and IPA in the wet film‘s intermediate phase rapidly volatilize; organic
amine salts diffuse into PbI2, with MA+ ions reacting first with PbI2 to form perovskite
nuclei; the perovskite is predominantly MA-rich at this stage, and has smaller interplanar
spacing than pure FA-based perovskite, resulting in a larger diffraction peak position. The
diffusion during annealing accelerates the formation of MA-rich nuclei, initially increasing
the peak position. In the second phase, as most solvents volatilize and the perovskite solid
film forms, perovskite crystalline growth slows down, with FA+ ions rapidly replacing
MA+ in the perovskite lattice; the replaced MA+ recombines with Cl− to form MACl and
rapidly volatilizes. At this point, the perovskite lattice expands due to the entry of FA+

ions, lowering the peak position. As grain packing becomes denser, MACl volatilization
gradually slows down, leading to a relatively stable third phase in the peak position.
Figure 4e shows that the peak position shifts for samples with 5 mg, 9 mg, and 13 mg of
MACl are 0.05 nm−1, 0.041 nm−1, and 0.034 nm−1, respectively, indicating that samples
with higher amounts of MACl exhibit greater ionic exchange extents and, hence, larger
peak position changes. Additionally, to quantitatively analyze the changes in perovskite
orientation over time, we calculated the orientation order parameter of the α-phase FAPbI3
(001) planes (calculation method based on these studies [44,45]) and plotted the data in
Figure 4f. A higher value indicates a higher concentration of the perovskite (001) planes in
the 90◦ orientation. Within the early stage of annealing of all simples, up to 150 s, the (001)
orientation gradually forms, with the MACl-13 mg sample showing the most significant
increase in the orientation degree (to approximately 0.36 within 100 s); the orientation
remains stable thereafter, without further changes. The orientation degrees for the MACl-9
mg and MACl-5 mg samples rise to 0.30 and 0.28, respectively, by 150 s and then stabilize.
Similar to changes in the crystalline intensity, increasing the addition of MACl leads to an
enhancement of the FAPbI3 (001) orientation. Based on the changes in orientation during
the in situ annealing process of perovskites, we illustrate the mechanism in a schematic
and present it in Figure 5. During film annealing, the gradual volatilization of MACl leads
to secondary crystallization of the perovskite material. The formation and enhancement of
this orientation can be attributed to the volatilization of MACl from the perovskite lattice
during annealing, causing secondary crystal growth and reconfiguration of the perovskite
grains, thereby prompting the crystal orientation to rearrange toward a thermodynamically
more stable 90◦ direction [16,17,35,36,46,47]. Thermodynamically, the 90◦ orientations of
the perovskite (001) planes possess the lowest surface energy [48–50]; hence, the grains
initially oriented at 36◦ gradually transition toward the 90◦ orientation during the early
stages of annealing.

To explore the impact of MACl addition on the physical properties of perovskite
films, we utilized scanning electron microscopy (SEM) to observe the morphology and
grain size distribution of the perovskite’s surface. We found that the sample with 5 mg
of MACl addition exhibited smaller grain sizes, with an average diameter of 483.65 nm.
The layer of lighter-colored material visible in the images, identified as lead iodide [14],
indicates a higher presence of PbI2 on the surface, potentially affecting film stability [8,51].
Conversely, samples with 9 mg and 13 mg of MACl achieve larger average perovskite grain
sizes of 843.13 nm and 875.38 nm, respectively, with a relative reduction in PbI2 content
on their surfaces. The increase in grain size is attributed to MACl promoting secondary
crystal growth of perovskite. However, this effect is limited, constrained by MACl’s role in
reducing the formation energy of perovskite; hence, the grain sizes of samples with 9 mg
and 13 mg of MACl did not show a significant difference. Nevertheless, for the sample
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with 13 mg of MACl, we observed black pores within some perovskite grains in the SEM
images (Figure 6c). These pores, caused by the excessive escape and volatilization of MACl
from the grains, are generally deep and can introduce a significant number of bulk defects,
enhancing non-radiative carrier recombination within the film [17]. We evaluated the carrier
properties of the perovskite films using steady-state and time-resolved photoluminescence
spectroscopy. In PL tests, we observe that the emission peak positions for all three samples
are around 800 nm, corresponding to a bandgap of no more than 1.55 eV (considering
the potential Stokes shift-induced blue shift in PL testing). In terms of peak intensity, the
steady-state PL emission peak intensities for samples with 5 mg, 9 mg, and 13 mg of MACl
are in a ratio of 1:4.3:2.7 (as shown in Figure 6e), indicating that peak intensity does not
have a straightforward linear relationship with the amount of MACl added; the 9 mg
sample corresponds to the highest diffraction peak intensity, proving it has the lowest
defect density. For TRPL, we employ a bi-exponential fit to determine the decay of carriers
within the perovskite films, with the calculation method for the average carrier lifetime
referencing this study [52]. The results indicate that with increasing the MACl addition,
the average carrier lifetimes for the samples are 68.4 ns, 163.7 ns, and 120.1 ns, respectively,
consistent with the PL results. This suggests there is an optimal amount of MACl addition
for assisting perovskite crystallization and reducing defects. When the amount of MACl is
excessive, it can lead to excessive escape and volatilization of MACl from within the grains,
microscopically creating halide vacancies within the perovskite lattice, and mesoscopically
forming voids within the grains [21], thereby damaging the crystal structure. This not only
reduces crystalline intensity but also introduces bulk defects, leading to significant non-
radiative recombination of electrons and holes, which is detrimental to the carrier transport
within the film. The proper addition of MACl-9 mg aids in improving the crystallization of
perovskite films, reducing defects, and diminishing the formation of PbI2. It inhibits the
excessive production of lead iodide that could catalyze the decomposition of perovskites, as
well as potentially induce Schottky defects, leading to ionic migration during the operation
of perovskite devices, thereby benefiting long-term stability [8,51]. On the other hand, an
excessive amount of MACl can lead to the formation of voids and other bulk defects within
the grains, which may serve as decomposition sites, reducing the long-term operational
stability of perovskite devices. Moreover, excessive MACl could introduce an abundance
of MA+ ion residuals, adversely affecting the thermal stability of perovskite devices.

The quality of the perovskite active layer is crucial for ensuring high light absorption
and carrier diffusion lengths in perovskite devices, with its preparation process being the
most critical aspect of device fabrication. The transition of perovskite from the wet film‘s in-
termediate phase through thermal treatment for solvent volatilization, nucleation, and crys-
tallization represents the core stages in the preparation of the active layer. The growth mode
of perovskite during the annealing process profoundly affects its crystallinity, defect density,
and grain orientation, significantly determining device performance [43,53]. To investigate
the impact of MACl on device performance, we fabricate PSC devices using perovskite
absorber layers with varying amounts of MACl, structured as ITO/SnO2/perovskite/Spiro-
OMeTAD/Au, as demonstrated in Figure 7c. The corresponding J-V curves and their
parameters are presented in Figure 7a. The champion device with 9 mg of MACl exhibits
the highest power conversion efficiency (PCE) at 22.63%, followed by the device with 13 mg
of MACl at 21.47%, and the lowest efficiency is observed in the device with 5 mg of MACl
at 20.07%. According to the J-V parameters in Figure 7a, the short-circuit current densities
(JSC) of the three devices are similar, increasing with the amount of MACl added, respec-
tively, as 24.31 mA/cm2, 24.98 mA/cm2, and 24.71 mA/cm2, with less than 1 mA/cm2

difference between the lowest and highest currents. However, the main improvement in
the performance of the MACl-9 mg device is attributed to its open-circuit voltage (VOC)
reaching 1.14 V, compared to 1.06 V for the MACl-5 mg device and 1.10 V for the MACl-13
mg device, contributing the most to the increase in device efficiency. This is due to the
lowest defect density in the perovskite film with 9 mg of MACl, which is consistent with
the results from PL and TRPL spectroscopy, as shown in Figure 6d,e. For the MACl-5 mg
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sample, its crystallinity is the poorest among the three conditions (Figure 4d), and due to
the inferior surface morphology and excessive distribution of lead iodide, carrier transport
is severely impaired, leading to a noticeable decrease in VOC and the fill factor (FF). The
MACl-13 mg device experiences a performance decline compared to the MACl-9 mg device
due to the excessive volatilization of MACl introducing additional defects, mainly mani-
festing as increased VOC loss. In devices with an optimized addition of 9 mg of MACl, the
annealing process effectively mitigates the transition from the δ to α phase and curtails the
accumulation of excessive PbI2 in the latter stages [17,51], which significantly diminishes
the presence of point defects and preserves a desirable surface morphology. Consequently,
this results in a noticeable improvement in VOC and FF. The forward and reverse sweep J-V
curves of the MACl-9 mg device are displayed in Figure 7d, showing a small hysteresis
with 0.7%, which is almost negligible. The PCE statistical distribution of devices with
5 mg, 9 mg, and 13 mg of MACl is shown in Figure 7d, with average PCE percentages of
18.6%, 21.7%, and 20.1%, respectively, showing greater variance compared to the champion
devices, attributed to the broader PCE distribution of devices under the MACl-5 mg and
MACl-13 mg conditions.
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Figure 4. (a–c) are the contour plots of one-dimensional diffraction spectrum changes over time
during the annealing process of perovskite films with MACl additions of 5 mg, 9 mg, 13 mg. (d) The
peak value of perovskite (001) changes with annealing time. (e) The peak position of perovskite (001)
changes with annealing time. (f) The peak orientation of perovskite (001) changes with annealing time.
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Figure 7. (a): J-V curve of perovskite solar cell. (b) The forward and reverse scan J-V curves of
the champion device with 9 mg of MACl addition. (c) Schematic diagram of the perovskite device
structure. (d) PCE profile of perovskite devices.

4. Conclusions

In summary, we prepared FAPbI3 perovskite films through a two-step method and
systematically studied the effects of varying MACl concentrations on the structure, mor-
phology, carrier properties, and corresponding device performance. From in situ GIWAXS
data, we observed the crystallization kinetics of FAPbI3 perovskite from the intermediate
phase of the wet film to the perovskite film during the annealing process influenced by
the concentration of MACl additive. We found that MACl can participate in the early
nucleation process of perovskite, thereby promoting the formation of the α-FAPbI3 phase,
and it also enhances the FAPbI3 (001) orientation during the annealing process. The PL and
TRPL measurements revealed that the MACl-9 mg-based film has the highest PL intensity
and longest charge combination lifetime (from 68.4 ns to 163.7 ns). As a result, the PCE is
improved. The highest PCE of 22.63% is obtained in MACl-9 mg-based devices, which is
higher than those of MACl-5 mg (21.47%) and MACl-13 mg (20.07%). These findings not
only deepen our understanding of the perovskite’s growth mechanism but also provide sig-
nificant references for optimizing the preparation process and enhancing the performance
of perovskites.
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